The cyanobacteria are an ecologically, morphologically, and physiologically diverse group of organisms whose primary productivity contributes to the bioenergetic foundation for higher trophic levels in both marine and freshwater environments. The ecological significance of the cyanobacteria extends beyond their productivity, though, as many of these organisms are capable of modifying their habitats through the synthesis of biologically active natural products. Characterizing these compounds, as well as the molecular mechanisms underlying their synthesis, may provide important ecological insights, in addition to opportunities for the practical application of these compounds.
In recent years, many microbiologists and biochemists have studied the distribution and functions of nonribosomal peptide synthetases (NRPSs) and modular polyketide synthases (PKSs), two similar molecular systems that are known to be involved in natural product synthesis in many bacteria, fungi, and plants (5, 16) . Both NRPSs and PKSs are large (200-to 2,000-kDa), multifunctional enzymes that possess modular organization (4) . NRPSs use amino acid monomers as substrates for synthesizing complex oligopeptides, whereas PKSs use acyl coenzyme A monomers to form elaborate chemical structures along a ketide backbone. NRPSs and PKSs have been found to synthesize a diverse array of biologically active compounds, including antibiotics, toxins (5) , siderophores (9) , and immunosuppressants (5) .
Discrete modules in the NRPSs and PKSs mediate the synthesis of their products. Similar to an assembly line, each enzymatic module is responsible for the addition of a single monomer to an elongating chain. These modules, in turn, also possess modular organization, as they consist of a number of enzymatic active sites that can be partitioned into sequence domains at the level of primary structure.
Four core catalytic domains and a number of variable catalytic domains characterize individual NRPS modules, and within a single gene multiple modules may be present. An NRPS module usually contains an adenylation (A) domain, a peptidyl carrier protein domain, and a condensation domain (23) . The final module involved in nonribosomal peptide synthesis ends with a thioesterase domain, which catalyzes the termination of chain elongation. Although A, peptidyl carrier protein, condensation, and thioesterase domains are thought to be present in most NRPS genes, other auxiliary domains that can have important effects on substrate processing have been discovered, including epimerization, N-methylation, cyclization, and oxidation domains (23) . A well-known example of an NRPS-synthesized natural product is the immunosuppressant cyclosporin, which is synthesized by the fungi Cylindrocarpon lucidium Booth and Tolypocladium inflatum (4) .
Analogous to NRPS genes, PKS genes are comprised of modules with distinct core and auxiliary catalytic domains. The essential organization of PKS modules, in order of domains, is ketosynthase (KS) domain, acyltransferase domain, and acyl carrier protein domain (23) . As in NRPSs, the final PKS module in product synthesis ends with a thioesterase domain. Known auxiliary PKS domains are the ketoreductase, dehydratase, methyltransferase, and enoylreductase domains (23) . Some of the most frequently dispensed antibiotics on a global scale, such as erythromycin A, are produced by PKSs (4) .
Mixed NRPS-PKS pathways and genes also exist. One of the best examples of a product of a mixed NRPS-PKS pathway is the antibiotic rapamycin (23) . Rapamycin synthesis proceeds first through three modular PKSs containing 14 modules in total and concludes with a single-module NRPS enzyme. Some mixed NRPS-PKS systems, such as the myxothiazol cluster in Stigmatella aurantica DW 4/3-1 and the antibiotic TA cluster in Myxococcus xanthus, have been found to actually contain both NRPS and PKS modules within the same gene (23) . Numerous other mixed NRPS-PKS systems have been identified, including those that synthesize curacin A (7), barbamide (6) , and jamaicamide (10) . These findings suggest that multiple types of mixed NRPS-PKS systems exist. Although the scientific community is generally aware of the prevalence of NRPSs and PKSs among the cyanobacteria (8, 17, 18) , the distribution and diversity of these genes across the phylum have not been well characterized. NRPS A-domain fragments have been amplified, but not sequenced, from strains of each of the five major taxonomic sections of cyanobacteria (Chroococcales, Pleurocapsales, Oscillitoriales, Nostocales, and Stigonematales) (8, 25) . For PKSs, even less information is currently available. To our knowledge, only one recent study has identified and sequenced PKSs from 10 cyanobacterial cultures isolated from stromatolites, representing two cyanobacterial sections (Pleurocapsales and Oscillitoriales) (3) .
Using molecular and phylogenetic techniques in combination with the analysis of the sequenced cyanobacterial genomes, we show that NRPSs and PKSs are abundant across the cyanobacterial sections. In addition, we confirm previous reports of variability of NRPS and/or PKS presence within genera and provide new examples of such heterogeneity (8) . Furthermore, we validate the use of degenerate probes for the detection of PKS and NRPS genes in diverse cyanobacterial strains for which genomes are not available by comparing our results for Nostoc punctiforme ATCC 29133 to its genome sequence. Lastly, to show that the presence of these genes correlates with natural product synthesis, we conducted biochemical assays to detect the presence of algicides and siderophores in cell extracts and supernatants. The results of these experiments suggest that both NRPS and PKS genes are widespread and genetically diverse even among very closely related cyanobacterial species. Based on our results, the undifferentiated filamentous and heterocystous strains appear to be the most likely sources of biochemically active natural products.
MATERIALS AND METHODS
Cyanobacterial culturing. The studied strains are listed and described in Table  1 . All strains were grown in SN or SO (31) , GN (30) , or Trichodesmium-specific medium (32) . Except for Trichodesmium thiebautii II-3 and Crocosphaera cultures, which were grown as described by Webb et al. (32) , all cultures were maintained using the methods described by Waterbury et al. (31) . The purity of the cyanobacterial cultures was monitored by aliquoting 1 ml of culture into 5 ml of sterile AC broth (Difco, Sparks, MD) (made with either double-distilled water [ddH 2 O] or seawater, depending on the medium of the cyanobacterial culture), followed by microscopic observation for any sign of bacterial contamination. Not all strains listed in Table 1 were tested in the bioassays of this study because of culture contamination or biomass limitations. Algicide bioassay. Stationary-phase cultures (250 ml) were centrifuged at 30,074 ϫ g for 5 min in a Beckman (Fullerton, CA) J2-21 M induction drive centrifuge. The supernatants were decanted from the samples, and the pellets were transferred into 2-ml screw cap tubes. Using a Branson (Stamford, CT) 545 Sonifier with a high-intensity microcup horn attachment, samples were sonicated for 6 min total with alternating 30-s on-off pulses. To keep the samples from overheating, ice water was pumped through the microcup horn by using a peristaltic pump. Following sonication, 1 ml of chloroform was added to each sample and the mixtures were vortexed horizontally for 2 min at maximum speed. The samples were then centrifuged for 1 min at 14,000 ϫ g in an Eppendorf (Westbury, NY) MiniSpin Plus. Chloroform fractions were taken from each sample and transferred to 1.1-ml tapered glass ampoules. The samples were left unsealed in a fume hood for ϳ24 h until all chloroform had evaporated. The dried samples were resuspended in 250 l of methanol.
Once cell extracts were generated, they were screened for algicides by using an adaptation of methods described by Mason et al. (14) with the test organisms Synechococcus sp. strain PCC7002 and Synechocystis sp. strain PCC6803 grown in SN supplemented with vitamin B 12 (1.5-g/liter final concentration) and in GN with no supplements, respectively. Algicidal test cultures were initiated with inoculums of 10 l of stationary-phase Synechococcus sp. strain PCC7002 or Synechocystis sp. strain PCC6803 culture in 100-l volumes, using a 96-well plate format. Various concentrations of the cyanobacterial extracts (0.5, 1, 2, and 3%) were added to the cultures prior to their inoculation with Synechococcus sp. strain PCC7002 or Synechocystis sp. strain PCC6803. Preliminary experiments showed that methanol concentrations of Յ3% permitted normal growth of the test strains. Plates were monitored by visual inspection over a 5-day period for growth inhibition relative to controls. At the end of the experiment, the absorbance at 670 nm (the maximal absorbance peak of chlorophyll a) of each culture was measured using a Versamax tunable microplate reader (Molecular Devices, Sunnyvale, CA). Two independent replicate extracts from each cyanobacterial strain were tested in a single plate, and the experiment was conducted in duplicate. Strains were scored as positive, negative, or variable for inhibiting growth if both replicate extracts consistently inhibited growth, no inhibition was observed from either extract, or a single extract consistently inhibited growth, respectively.
Siderophore bioassay. For many bacteria, prolonged culture growth in nutrient-depleted conditions can result in the synthesis of iron chelators known as siderophores. Hence, each tested cyanobacterium was grown under both Fereplete (20 M iron citrate, the standard iron concentration of GN or SN) and 1/10 Fe (2 M) conditions. The latter condition was invariably iron limited as determined by biomass and optical density compared to a control. As described by Schwyn and Neilands (24) , liquid chrome azurol S (CAS) assays were conducted to detect the presence of siderophores in supernatants from the cyanobacterial cultures. The CAS assay solution was made in two parts: (i) 6 ml 10 mM hexadecyltrimethylammonium bromide, 150 l of an iron(III) solution (10 mM FeCl 3 , 100 mM KCl), and 7.5 ml 2 mM CAS and (ii) 4.307 g piperazine (anhydrous) and 75 ml 1 M HCl. These two solutions were combined with ddH 2 O to bring the total volume of the final solution to 100 ml. From each stationary-phase culture assayed, a 1-ml sample was taken and centrifuged at 14,000 ϫ g in an Eppendorf (Westbury, NY) MiniSpin Plus. Next, 0.5 ml of each supernatant was taken and mixed with 0.5 ml of CAS assay solution in a 2-ml cuvette. The samples were allowed to equilibrate for 20 min at room temperature, and absorbance at 630 nm was measured using a Bio-Rad (Hercules, CA) SmartSpec3000 spectrophotometer. Because CAS is blue when complexed with hexadecyltrimethylammonium bromide and FeCl 3 , a lowered absorbance at 630 nm suggests that other compounds in the assay solution, such as siderophores, have liberated CAS-bound iron and have complexed with it themselves. Visual inspections of samples at 20 min, 10 h, and 24 h were consistent at all time points. For cultures grown in GN, a GN-plus-CAS solution was used as a blank, whereas for SN-grown cultures, a SN-plus-CAS blank was used. For these experiments, Synechococcus sp. strain PCC7002, which is known to produce multiple siderophores (33) , was used as a control. For each tested strain, two independent replicate cultures for each iron concentration were examined.
DNA extraction. An adaptation of the method described by Neilan et al. (19) for the extraction of PCR-quality DNA from cyanobacterial cultures was employed. A sample of cells (ϳ150 mg of cell mass for filamentous strains; ϳ3 ml of stationary-phase culture for unicellular strains) was retrieved and pelleted by centrifugation for 5 min at 14,000 ϫ g in an Eppendorf (Westbury, NY) MiniSpin Plus. The supernatants were decanted and the pellets washed with 500 l of 5 M NaCl. The samples were then resuspended in 200 l of well-mixed Instagene matrix (Bio-Rad, Hercules, CA), mixed with 20 l of Triton X-100, and vortexed for 1 min. Next, the samples were heated for 30 min at 60°C while being mixed at 800 rpm in an Eppendorf Thermomixer R. Subsequent to this heating step, cells were centrifuged for 1 min at 14,000 ϫ g and then heated for 15 min at 99°C while being mixed at 800 rpm. Following the extraction, the samples were centrifuged for 5 min at 14,000 ϫ g, and the supernatants were transferred to 1.5-ml tubes for storage at Ϫ20°C. Prior to usage as a PCR template, aliquots from the Instagene preparations were diluted 10-fold into sterile ddH 2 O.
PCRs. All extracts were checked for quality by PCR amplification of the 16S rRNA gene with the universal bacterial primers 8F (5Ј-AGAGTTTGATCCTG GCTCAG-3Ј) and 1492R (5Ј-GGTTACCTTGTTACGACTT-3Ј). After the quality of DNA extracts was confirmed, PCRs targeting NRPS and PKS genes were performed. The NRPS primers used for amplification were MTF2 (5Ј-GC NGGYGGYGCNTAYGTNCC-3Ј) and MTR (5Ј-CCNCGDATYTTNACYTG-3Ј) (18) . The PKS primers used were DKF (5Ј-GTGCCGGTNCCRTGNGYY TC-3Ј) and DKR (5Ј-GCGATGGAYCCNCARCARYG-3Ј) (17) . These NRPS and PKS primers target the A and KS domains, respectively. All PCRs were performed in either an Eppendorf (Westbury, NY) Mastercycler or a Bio-Rad (Hercules, CA) Icycler, and products were screened using 1% agarose gel electrophoresis. The following reaction mixtures and conditions were used for amplifying the 16S rRNA gene and the NRPS A and PKS KS domains. Annealing-temperature gradient NRPS and PKS PCRs were run to check for false negatives, as well as to confirm faint positives, in NRPS and PKS PCRs. The reaction mixtures used for the gradient PCR were the same as those used for initial NRPS and PKS PCRs. The NRPS and PKS annealing-temperature gradient PCRs had the same holds and cycles as the initial NRPS and PKS PCRs except that annealing-temperature gradients from 35 to 55°C and 40 to 55°C, respectively, were used.
Cloning and RFLP. Amplified NRPS and PKS fragments were purified from 1% agarose gels by using the QIAquick gel extraction kit (QIAGEN, Valencia, CA) and subsequently cloned with the TOPO TA cloning kit according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). Ten clones were selected at random from the products of each cloning reaction for further analysis. Single colonies were placed into 100 l of ddH 2 O and heated on an Eppendorf (Westbury, NY) Mastercycler at 95°C for 10 min. These preparations were centrifuged at 2,750 ϫ g for 5 min in an Eppendorf 5810R centrifuge, and the supernatant was used as a crude plasmid template for PCR. Inserts were amplified from the plasmid templates in 25-l volumes, using standard M13 multiple-cloning site primers and PCR conditions. To eliminate identical clones, each PCR product was digested with a reaction mixture consisting of 0.5 l of 20,000 U/ml TaqI restriction endonuclease (New England BioLabs, Beverly, MA), 1 l of 10ϫ TaqI buffer, 0.1 l of 100 g/ml bovine serum albumin, 3.4 l of ddH 2 O, and 5 l of PCR product. The digests were incubated in an Eppendorf Mastercycler at 65°C for 1 h. After digestion, restriction fragment length polymorphism (RFLP) patterns were screened using 2% agarose gel electrophoresis.
Sequencing of NRPS and PKS fragments. The Escherichia coli strains possessing plasmids with unique fragments of the predicted sizes (ϳ1 kb for NRPS; ϳ700 bp for PKS) were grown for 18 h in Super Broth at 37°C, and plasmids were extracted from these cultures by using the GeneMachines RevPrep Orbit (Genomic Solutions, Ann Arbor, MI) at the Josephine Bay Paul Center (JBPC) at the Marine Biological Laboratory. Sequencing was performed using the M13F and M13R reverse primers, the Big Dye Terminators volume 3.0 (ABI, Foster City, CA), and an ABI 3730 DNA analyzer at the JBPC. Sequencing reactions and cleanup were conducted according to the JBPC's instructions. For every cloned fragment, each strand was sequenced once entirely.
Sequence analyses. Sequences were assembled using Sequencher (Gene Codes Corporation, Ann Arbor, MI). Nucleotide sequences were translated into peptide sequences by using BioEdit version 5.0.7 (Tom Hall, Ibis Therapeutics, Carlsbad, CA). Peptide sequences were first aligned with ClustalX with the default settings (27) correction model for amino acids, complete deletion handling of gaps, and a bootstrap consisting of 1,000 replications (12) . Cyanobacterial genome analysis. All cyanobacterial genome sequences available in GenBank were investigated for NRPS and PKS genes. Genome annotations, when available, were searched for predicted NRPSs and PKSs. For this work, positive NRPS annotations were included in the genomes as "nonribosomal peptide synthetase," "peptide synthetase," "microcystin synthetase B," "multifunctional peptide synthetase," or "nonribosomal peptide synthetase terminal component." The PKSs were annotated as "polyketide synthase," "polyketide synthase modular," "similar to polyketide synthase," or "probable modular polyketide synthase." To determine putative numbers of A and KS domains present in sequenced genomes, the A-domain Stanieria sp. strain PCC7302 fragment 3 and the KS-domain Gloeothece sp. strain PCC6501 fragment 2 were arbitrarily selected for use as query sequences for tBlastn (protein query sequence against translated nucleotide database) protocol BLAST (Basic Local Alignment Search Tool, National Center for Biotechnology Information [NCBI], Bethesda, MD) searches using all the available cyanobacterial genomes in NCBI's genome database. Hits that had E values of less than 1eϪ40 and had lengths within 20% of the complete query sequence (NRPS fragment length, 264 to 396 amino acids; PKS fragment length, 182 to 274 amino acids) were included as putative NRPS A and PKS KS domains. An unrooted neighbor-joining tree of one 16S rRNA gene from each of the analyzed cyanobacterial genomes was generated in MEGA version 2.1 (12), using the Kimura two-parameter model with complete deletion gap handling and 1,000-replication bootstrapping. One 16S rRNA gene copy was used from each genome, as all 16S rRNA gene copies from the same genome resulted in the same tree topology. In addition, comparison of our experimental results for N. punctiforme ATCC 29133 to its genome was conducted using the ERGO software package (Integrative Genomics, Chicago, IL).
For both the NRPS A domains and the PKS KS domains, one sequence representative of each distinct phylogenetic cluster was chosen arbitrarily from among the fragments sequenced in this study. Selected fragments were compared to the entire microbial genome database at NCBI, excluding the cyanobacteria (364 genomes in total) (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi). The two results with the lowest E values from each BLAST search were taken and used for additional phylogenetic analyses, which were conducted as described above. If the two most significant results came from the same genome, the output with the higher E value was ignored and the next best result from a different genome was taken. Building upon the initial NRPS and PKS analyses, fragments that were sequenced directly in this study or were obtained from the sequenced cyanobacterial genomes, in addition to the noncyanobacterial fragments most similar to cyanobacterial A and KS domains, were used for the construction of the phylogenies shown in the radial trees in Fig. 4 and 6 .
Nucleotide sequence accession numbers. The sequences presented in this study have been deposited in GenBank and have accession numbers AY695274 through AY695303 (NRPS A domains) and AY695304 through AY695365 (PKS KS domains).
RESULTS
Screening for biologically active natural products. To show that the cyanobacteria in this study make natural products of pharmacological and ecological interest, we performed bioassays screening cell extracts for antialgal and iron binding compounds.
(i) Assaying cyanobacterial extracts for algicidal activity. With Synechococcus sp. strain PCC7002 and Synechocystis sp. strain PCC6803 as test cultures, the cyanobacterial extracts were assayed for growth-inhibitory effects ( 
Purities of cultures at time of study are also included. ϩ, successful amplification for PCRs or activity observed for bioassays; Ϫ, no amplification for PCRs or no activity observed for bioassays; ϩ/Ϫ, activity not observed in all replicate extracts of assay; ND, not determined; N, no; Y, yes. (ii) Surveying cyanobacterial cultures for siderophores. Other than Synechococcus sp. strain PCC7002, which was used as the control culture and caused a detectable color change under both iron regimens, only two cultures had significantly different absorbance readings at 630 nm (indicative of siderophores production): Calothrix sp. strain PCC7102 (1/10 Fe) and Spirulina sp. strain PCC6313 (Fe replete) ( Table 2 ). Visual inspection of these liquid CAS assay mixtures confirmed the spectrophotometric results, as these positive CAS assay mixtures had undergone color changes from blue to light purple or gray.
NRPS and PKS genetic screen. (i) Amplification of NRPS A domains.
Putative NRPS A domains were successfully amplified from 54% (13 of 24) of the cyanobacterial DNA templates ( Fig. 1; Table 2 ). NRPS gene fragments could not be amplified from Crocosphaera spp. (strains WH0001, WH0002, WH0401, WH0402, WH0403, and WH8501), Cyanothece sp. strain WH8904, Gloeothece sp. strain PCC6501, Lyngbya sp. strain PCC7419, and Nodularia sp. strain WH0405. The negative PCR results from the initial NRPS PCRs were confirmed through subsequent annealing-temperature gradient NRPS PCRs.
(ii) Amplification of PKS KS domains. Putative PKS KS domains were amplified from all cyanobacterial extracts except those of Cyanothece sp. strain WH8904 and Lyngbya sp. strain PCC7419 ( Fig. 1; Table 2 ). Because initial PKS PCRs from Crocosphaera sp. strain WH0001 and WH0002 templates resulted in low yields of the desired product, annealing-temperature gradient PKS PCRs were conducted to confirm the presence of PKS KS domains in these organisms. These experiments confirmed the presence of PKS KS domains in Crocosphaera sp. strains WH0001 and WH0002 and confirmed the negative results obtained for Cyanothece sp. strain WH8904 and Lyngbya sp. strain PCC7419.
(iii) Cloning, RFLP, and sequencing of NRPS A and PKS KS domains.
To verify that the amplified products were NRPS A and PKS KS domains, amplified fragments were cloned and sequenced. Up to six distinct clones were obtained from each cloning reaction mixture's 10-clone library by using RFLP. All unique clones of the appropriate size (ϳ1 kb for NRPS A domains; ϳ700 bp for PKS KS domains) were sequenced. BLAST analysis in GenBank (tBlastn) confirmed that the sequenced clones were cyanobacterial NRPS A or PKS KS domains, as all sequences were most similar to cyanobacterial A or KS domains already present in GenBank.
(iv) Analysis of the sequenced cyanobacterial genomes. To determine how many NRPSs and PKSs most cyanobacteria possess, annotation and BLAST searches were performed on all available cyanobacterial genome sequences. Analysis of the sequenced cyanobacterial genomes showed that NRPSs and PKSs are absent in some cyanobacteria and numerous in others (Table 3) . Nostoc punctiforme ATCC 29133 possessed the greatest number of NRPS genes (17 genes) and PKS genes (10 genes) in its annotation. Subsequent BLAST analyses found 42 NRPS A domains and 22 PKS KS domains in the N. punctiforme ATCC 29133 genome. Annotation and BLAST analyses also found that Anabaena variabilis ATCC 29413, Crocosphaera watsonii WH8501, Nostoc sp. strain PCC7120, and Trichodesmium erythraeum IMS-101 possess both NRPSs and PKSs. Gloeobacter sp. strain PCC7421 was annotated with PKSs but without NRPSs. BLAST results verified the Gloeobacter sp. strain PCC7421 annotation and found that Synechococcus sp. strain PCC7002 also possesses a single PKS gene. Furthermore, the absence of both NRPS and PKS genes from the genomes of Prochlorococcus marinus CCMP1375, P. marinus MED4, P. marinus MIT9313, Synechococcus sp. strain WH8102, Synechococcus elongatus PCC7942, Synechocystis sp. strain PCC6803, and Thermosynechococcus elongatus BP-1 was confirmed through BLAST analysis. A 16S rRNA-based phylogeny was generated for these cyanobacteria with sequenced genomes, and the presence of NRPS and PKS genes was mapped onto it (Fig. 2) . This tree suggests that both NRPSs and PKSs are present in diverse cyanobacteria and that these genes are absent from the unicellular picoplankton. (v) Polypeptide alignment and phylogenetic analysis. Alignments of the NRPS A-domain and PKS KS-domain sequence sets obtained in this study showed that these domains are highly variable (data not shown). Of the sequenced A domains (ϳ333 amino acids long) and KS domains (ϳ233 amino acids long), only 36 and 25 conserved amino acids were present, respectively. This variation prohibited the prediction of end products synthesized by particular enzymes by the alignment of NRPS A and PKS KS domains to homologous fragments from characterized genes in GenBank. Hence, in an attempt to attribute functions to these identified genes and to further explore their novelty, phylogenies were constructed using both the NRPS A and the PKS KS domains from this study, genes with described function from GenBank, and all of the hits obtained in the BLAST searches of the cyanobacterial genomes.
In the NRPS A-domain phylogeny (Fig. 3) , fragments from two proteins described in the literature, NcpA (13) and NosA (11), appeared to be most closely related to the sequenced fragments. NcpA and NosA are from Nostoc sp. strain ATCC 53789 and Nostoc sp. strain GSV224, respectively, and they synthesize 4-methylproline and nostopeptolide, respectively. Although these natural products have been fully characterized structurally, their biological activities are unknown. Furthermore, different A domains from each of these genes clustered in very different areas of the tree (e.g., NcpA and NosA fragments 1 through 3). While the BLAST genome analyses demonstrated that N. punctiforme contained the largest number of putative NRPS fragments, the tree shows that these fragments are quite diverse in sequence and uniformly distributed throughout the tree (Fig. 3) .
Further analysis of the NRPS tree demonstrates that many of the sequences obtained in this study do not closely cluster with other cyanobacterial genes but instead form very tight clusters with other fragments obtained from the same organism (e.g., fragments 1 and 3 from Stanieria and fragments 1, 2, and 3 from Microcoleus). There are also examples of gene clusters entirely dominated by sequences from both filamentous and unicellular nitrogen-fixing isolates, suggesting a possible relationship between nitrogen fixation and the maintenance of these NRPS fragments (Fig. 3) . Lastly, using the genome sequences as references allows for the easy identification of NRPS fragments that are not present in very closely related isolates of the same genus (e.g., T. thiebautii II-3 relative to T. erythraeum IMS-101).
A-domain fragments formed at least seven distinct phylogenetic clusters (Fig. 4) . To determine if any of these clusters were unique to the cyanobacteria, representative sequences from each clade were selected for use in microbial genome BLAST searches. Because of the subjective nature of the clade designation above, additional sequences were screened against the microbial genomes to verify that our groupings were supported and that we analyzed the breadth of the sequence diversity contained in each clade. Phylogenies including the noncyanobacterial A domains most similar to the query se- FIG . 3 . Neighbor-joining phylogeny of translated NRPS A domains. Genomic sequences are followed by the GenBank accession numbers for the contigs containing them, as well as the fragment position (in base pairs) within the contig. All fragments from characterized genes are followed by their GenBank accession number. Only bootstrap values of Ն50% are shown.
7407
on February 21, 2013 by PENN STATE UNIV http://aem.asm.org/ quences suggest that some A domains are common to diverse bacteria, whereas others are unique to the cyanobacteria.
Subtrees were constructed to identify the strains represented in the unique cyanobacterial A-domain clusters. As shown in Fig. 4 , group A sequences were isolated from Anabaena sp. strain WH, A. variabilis ATCC 29413 (NZ_AAEA prefix), Calothrix sp. strain PCC7102, Chamaesiphon sp. strain PCC7430, C. watsonii WH8501 (NZ_AADV prefix), Nostoc sp. strain ATCC 53789, and N. punctiforme ATCC 29133 (AAAY_ prefix). In group B, sequences came from A. variabilis ATCC 29413, C. watsonii WH8501 (NC_ prefix), Nostoc sp. strain PCC7120 (NC_ prefix), N. punctiforme ATCC 29133, and T. thiebautii II-3.
In the phylogeny of the KS domains, many genes described in the literature clustered with the fragments identified in this study (Fig. 5) , including the genes for EpoC (26) , which is involved in epothilone synthesis in Sorangium cellulosum; Irp1 (GenBank accession no. AE013844, positions 75 to 9566), which is involved in yersiniabactin synthesis in Yersinia pestis KIM; and McyD (28), which is involved in microcystin synthe- Although we were able to differentiate KS-domain phylogeny into at least six groups, the cluster relationships were less clear than was seen for the NRPS A domains (Fig. 6) . As with the A domains, phylogenetic analysis including most similar noncyanobacterial KS domains suggests the presence of common bacterial and unique cyanobacterial KS domains within the cyanobacteria. Three groups that did not possess any noncyanobacterial sequences were identified. Group A consisted of Crocosphaera sp. strain WH0002, Nostoc sp. strain ATCC 53789, N. punctiforme ATCC 29133, and Scytonema sp. strain PCC7110 sequences. Group B contained Microcoleus sp. strain PCC7420, Nostoc sp. strain PCC7120, N. punctiforme ATCC 29133, and Pleurocapsa sp. strain PCC7319 fragments. Anabaena sp. strain WH, Calothrix sp. strain PCC7102, C. watsonii WH8501, Gloeobacter sp. strain PCC7421, Gloeothece sp. strain PCC6501, Nostoc sp. strain PCC7120, Pleurocapsa sp. strain PCC7319, Scytonema sp. strain PCC7110, and Stanieria sp. strain PCC7302 fragments comprised group C.
(vi) Mapping of N. punctiforme fragments. Detailed ERGObased analysis of the genomic regions that contained our sequenced fragments from N. punctiforme found that A-domain fragments 1 and 2 mapped in different Nos biosynthetic clusters in contig 0606 (genes RNPU04187 and RNPU04176, respectively). Fragment 3 was found to be in an NRPS gene (RNPU04915) directly upstream of a large PKS gene representing a potential mixed NRPS-PKS cluster. Fragments 4 and 5 mapped in different A domains within the same gene (RNPU03419). For the KS domains, fragment 1 was present in a PKS (RNPU07181), fragment 2 was present in the mtaE myxothiazol biosynthesis gene (RNPU04192), fragment 3 was only partially represented at a contig junction and hence was not analyzed, and fragment 4 was in a PKS gene (RNPU05551).
DISCUSSION
Cyanobacteria are globally important primary producers that may alter components of their habitats, such as the densities of competitors or predators or the availability of critical FIG. 6 . Neighbor-joining phylogeny of all translated KS domains sequenced in this paper or taken from the sequenced cyanobacterial genomes. Open circles represent query sequences used for tBlastn BLAST searches against the entire NCBI microbial genome database, excluding the cyanobacteria. Since certain hits were retrieved multiple times for different query sequences, the number of included hits is only 9. Black circles signify the two best hits from each BLAST. A, B, and C, subtrees from the larger tree of KS-domain clades which contain only cyanobacterial sequences. Only bootstrap values of Ն50 are shown, and the bar is scaled to amino acid substitutions/site. Characterizing the biosynthetic capabilities of diverse cyanobacteria is crucial to understanding the full ecological impacts and niches of these organisms. In addition, the exploration of cyanobacterial natural products may result in the discovery of compounds with practical applications for society. Cyanobacterial natural products. The results of this paper and others (2) suggest that the cyanobacteria are rich in natural products. In this study, half of the strains assayed for natural products (7/14) had both NRPS and/or PKS genes and biologically detectable activities. However, further experimentation is necessary to determine if NRPS and/or PKS genes underlie the detected activities. This point is underscored by the fact that both Lyngbya sp. strain PCC7419 and Cyanothece sp. strain WH8904 were negative for NRPS and PKS genes but both had detectable activities, suggesting that the activities detected were being produced by systems other than PKS and NRPS genes. Ultimate confirmation of the relationship between the existence of the NRPS and PKS genes and the biological activity would require gene knockouts in amenable strains and/or gene expression experiments (using the fragments defined in this study) to connect biochemical activities to specific genes, as well as to determine the signals that trigger expression.
NRPS and PKS genes are present in diverse cyanobacteria. This study's survey of the sequence and diversity of NRPS and PKS genes in laboratory cyanobacterial cultures demonstrated that the degenerate PCR screening, cloning, and sequencing of the fragments constitute a robust method to define potential gene targets in diverse cyanobacterial lineages. Although the method is quite effective, the NRPS PCR results for C. watsonii WH8501 (Fig. 1) suggest that the MTF2/MTR primer set and its standard reaction conditions are not optimal for all cyanobacterial A domains. Our data imply that the other studied Crocosphaera strains, as well as the other cyanobacterial genera that were found not to possess NRPSs, may actually have these genes.
Although we screened both axenic and nonaxenic strains of cyanobacteria, all of the fragments obtained were most similar to cyanobacterial sequences as determined using BLAST analyses, suggesting that the amplified products were cyanobacterial in origin. Furthermore, sequencing of the amplified products showed that there is remarkable diversity in the NRPS and PKS fragments obtained even in very closely related cyanobacteria (e.g., PKS fragments from T. thiebautii II-3 and T. erythraeum IMS-101).
Despite the distribution of these genes throughout the five major sections of cyanobacteria (8) , NRPSs are noticeably absent in Gloeobacter sp. strain PCC7421 (Tables 2 and 3) , which is thought to be the most basal of all extant cyanobacteria (29) . The prevalence and diversity of the NRPS and PKS sequences described in this study suggest that NRPSs and PKSs may have been present in the cyanobacterial common ancestor. This also suggests that these genes may have been lost from Gloeobacter sp. strain PCC7421 during its evolution or introduced into the rest of the cyanobacterial lineage after its divergence from Gloeobacter sp. strain PCC7421.
The absence of NRPS and PKS genes from strains in genera known to commonly harbor these genes (e.g., Cyanothece sp. strain WH8904 and Lyngbya sp. strain PCC7419 (Fig. 1 ) (see reference 6 for an example of a mixed NRPS-PKS system in Lyngbya majuscula) and from strains from the genera Arthrospira, Gloeocapsa, Microcystis, and Nostoc (8) supports the assertion that these genes can be lost from genomes (2) . An alternative interpretation of the variability of the presence of NRPSs and PKSs within cyanobacterial genera is the possibility that these genes are not ancestral to the cyanobacterial lineage but instead have been recently introduced into multiple genera. This argument is less parsimonious than gene loss because it requires numerous instances of genetic transfer, and it is not supported by the closer relationships of the sequences obtained in this project to each other than to noncyanobacterial NRPS A and PKS KS domains. Whether the observed heterogeneity in the presence of NRPS and PKS genes in closely related strains represents natural variation or loss of these genes during laboratory culture must be addressed by surveying more recent isolates from these genera.
Sequence and genome analyses. Analysis of the sequenced cyanobacterial genomes provides further insight into the distribution and abundance of NRPS and PKS genes in the cyanobacteria. Among the 14 sequenced cyanobacterial genomes, the numbers of NRPS and PKS genes present ranged from 0 for both genes to 17 for NRPSs and 10 for PKSs (Table 3) . Why these genes are distributed this way within the cyanobacteria is an important question that has substantial bearing on our understanding of the ecology and evolution of the cyanobacterial NRPS and PKS genes. Although no obvious answer to this question can be determined from phylogenetic analysis of the cyanobacteria with sequenced genomes (Fig. 3) , these data suggest that morphological and physiological complexity may be associated with the possession of these genes, as well as with the total number of these genes contained within a genome. This assertion is supported by a significant correlation (r ϭ 0.796, df ϭ 12, P Ͻ 0.0001) (34) between genome size and total number of NRPS A and PKS KS domains. Similar correlations exist between genome size and other measures of secondary metabolic diversity, such as annotated NRPSs, annotated PKSs, total A domains, and total KS domains.
Alignment and phylogenetic analyses found the sequenced NRPS A and PKS KS domains to be quite diverse. Inclusion of A and KS domains from genes of known function and all other homologues in the cyanobacterial genome projects suggested that many of the enzymes identified in this study might synthesize novel compounds. Few instances of close relationship between the newly sequenced fragments and the functionally characterized fragments were evident ( Fig. 3 and 5) . Additionally, in many instances A and KS domains taken from the same characterized gene or operon appeared to be quite divergent from one another (e.g., NcpA and NosA A domains and EpoC and EpoD KS domains), implying that domains in the same gene or pathway can differ substantially in primary structure. Together, these findings suggest that amino acid sequence identity to individual A and KS domains from characterized genes is not yet a useful estimator of function for genes newly detected by NRPS and PKS PCRs in cyanobacteria because of the dearth of characterized cyanobacterial NRPSs and PKSs.
The data presented also suggest that the diversification of the cyanobacterial NRPS A and PKS KS domains ( Fig. 3 and  5) does not parallel the evolution of the cyanobacteria them- selves, as understood through 16S rRNA data (29) . However, interpretation of these A-and KS-domain phylogenies is complicated by limited knowledge about the functions of the identified genes. Figures 3 and 4 suggest that multiple distinct NRPS and PKS gene families may exist within the cyanobacteria and that it may be necessary to determine these functional classes to fully understand the evolution of these genes. Recent research using the 16S rRNA, rpoC, and mcy genes to interpret the evolution of microcystin synthetases has shown that it is likely that these genes are ancestral to a broad lineage of microcystin-and nodularin-synthesizing cyanobacteria (21) . If other NRPS and PKS functional lineages exist in the cyanobacteria, similar approaches using multiple genes may be the most successful in parsing out the broader evolutionary history of NRPS and PKS genes in the cyanobacteria. Genomic analyses showed that NRPS A and PKS KS domains were abundant in certain sequenced cyanobacteria, in particular N. punctiforme (others have noted this as well [15] ), A. variabilis, and C. watsonii. The relationships of fragments within the same organism or genomic region were found to be highly variable, with some fragments being nearly identical (e.g., A domains from N. punctiforme contig AAAY02000036.1 [positions 2408 to 1413 and 8792 to 7797]) and others being highly diverged (e.g., A domains from A. variabilis contig NZ_ AAEA01000032.1 [positions 25555 to 24560 and 22237 to 21239]). Phylogenies including the most closely related noncyanobacterial A and KS domains suggest that unique NRPSs and PKSs may exist within the cyanobacteria. Furthermore, the abundance of these cyanobacterium-specific fragments in diazotrophs may indicate a relationship between the ability to fix nitrogen and the capacity to synthesize unique natural products. However, this assertion does not hold true with the PKS groups B and C, as they include the unicellular nondiazotrophic Pleurocapsa sp. strain PCC7319 (Fig. 6) . Furthermore, group B includes other nondiazotrophs, such as Gloeobacter sp. strain PCC7421 and Stanieria sp. strain PCC7302, making it difficult to hypothesize what the functional role for group C sequences might be. These results indicate that the cyanobacteria may be an untapped resource for novel NRPSs and PKSs, as well as the natural products that these genes synthesize.
Identity between our sequenced N. punctiforme A-and KSdomain fragments and those present in the sequenced genome validates the use of these degenerate primers for detection of NRPSs and PKSs in the cyanobacteria. Our findings suggest that if one were to generate a saturating clone library, this approach could be used to obtain most, if not all, of the NRPS and PKS genes present in the genome of a given cyanobacterium. This library combined with a fosmid or bacterial artificial chromosome clone library could allow for rapid and economical identification and localization of natural product gene clusters in the absence of a complete genome sequence.
The data presented here highlight the need for future studies to define the linkages between cyanobacterial ecology, the factors driving diversification and maintenance of NRPS and PKS genes, and the physiological roles of the compounds produced.
